CD40, a member of the tumor necrosis factor-α receptor family, is constitutively expressed by cells of hematopoietic and non-hematopoietic origin, including fibroblasts. Signaling through this receptor molecule regulates inflammatory cytokine secretion by many cell types. Based on the recently described cytokine secretory heterogeneity of fibroblast cell subsets, we hypothesized that secretion of inflammatory cytokines by gingival fibroblast cultures may be dictated by the existence of differential proportions of cytokine-secreting subpopulations which express high levels of CD40. After examining a large number of gingival fibroblast (GF) cultures we find that the frequency of IL-6-and IL-8-secreting cells mirrors the frequency of cells expressing high levels of CD40 in these cultures. In addition, we demonstrate a direct functional relationship between CD40 expression and IL-6 or IL-8 secretion by showing that ligation of this molecule on GF, and CD40 ⍣ fibroblast subsets in particular, up-regulates secretion of these cytokines in vitro.
Introduction
CD40 is a type I cell surface receptor glycoprotein, which is with activated T cells may play a decisive role in regulating the contribution of these cells to connective tissue pathology. constitutively expressed by many cells of hematopoietic (1) and non-hematopoietic (2,3) origin. A single ligand (CD40L)
Although expression of CD40 has been previously reported on gingival fibroblasts (GF) (3), the functional significance of has been identified for this receptor molecule, which is principally expressed on activated T cells (4). The CD40-this molecule on this cell type has not been demonstrated. It is possible that signaling through CD40 on GF may play an CD40L-mediated contact is considered a crucial step in T cell-dependent B cell co-stimulatory pathways (5,6) and in immunopathogenetic role in periodontitis by augmenting the inflammatory responses of these cells. the priming of T cell helper function (7, 8) . While significant progress has been made in characterizing the functional GF are capable of responding to bacteria or endogenous cytokines by secreting considerable amounts of the inflamsignificance of CD40 expression on cells of hematopoietic origin such as B or T cells, much less is known about the role matory cytokines IL-6 and IL-8 (12, 13) . Secretion of these cytokines by human monocytes and lymphocytes can be the CD40-CD40L signaling system plays in the physiology of non-immune cells. Fibroblasts, which are traditionally thought regulated by signaling through the CD40 receptor (14, 15) . It is therefore possible that IL-6 and IL-8 secretion by GF is of as non-immune cells, have been shown to express CD40 both in vivo (3) and in vitro (3,9). Furthermore, it has been also regulated by CD40 signaling. Several studies have shown that fibroblast cultures are composed of heterogeneous cell shown that CD40 ligation signals proliferation, up-regulation of adhesion molecules, as well as cytokine secretion by subsets with respect to cytokine secretion and/or cell surface molecule expression (16) (17) (18) . For example, murine lung synovial fibroblasts in vitro (9). Fibroblasts are thought to participate in the histopathological changes associated with a fibroblast cultures are composed of cells with heterogeneous expression of the Thy-1 antigen. Only the Thy-1 -cell subset is number of chronic inflammatory diseases such as rheumatoid arthritis (10) and periodontitis (11) . Therefore, it has been capable of producing IL-1α in response to cytokine stimulation (16) . Additionally, human fibroblasts from periodontal and suggested that the CD40-mediated interaction of fibroblasts 
Fig. 2.
Relationship among IL-6 secretion, the frequency of IL-6-secreting cells and the frequency of CD40 ϩ cells in GF cultures. IL-6 secretion was triggered by 24 h incubation with rhIL-1α, as described in Methods. GF cultures were subjected to immunoprinting, FACS analysis or supernatant testing by ELISA. The individual GF cultures tested from various human donors are depicted on the x-axis. The amount of IL-6 secreted by each culture tested (line), the percentage of the actively secreting cells (white bars) and the percentage of CD40 ϩ cells (dark bars) within each culture are plotted on the identified y-axes. The brackets represent one SD of the mean of triplicate immunoprinting experiments.
other tissues have been reported to express heterogeneously Methods a number of cell surface antigens, including CD40 (17, 18) .
GF cultures On the basis of these studies, we hypothesized that secretion of IL-6 and IL-8 by mass GF cultures may be dictated by the Primary explant fibroblast cultures were established from gingival tissues excised from 18 human donors undergoing existence of differential proportions of cytokine-secreting cell subsets which are characterized by increased CD40 expresoral surgical procedures. After exhaustive washing in fungisone-containing media the tissues were finely minced sion. After examining a large number of GF cultures we find that the frequency of cytokine-secreting cells mirrors the and seeded in 6-well plates using Dulbecco's modified Eagles medium (DMEM; Gibco, Grand Island, NY) supplemented frequency of cells expressing high levels of CD40 in these cultures. In addition, we demonstrate that a direct functional with 2 mM L-glutamine (Gibco), penicillin/streptomycin (100 U/ml and 100 mg/ml respectively; Gibco) and 10% heatrelationship exists between CD40 expression and IL-6 or IL-8 secretion since ligation of this molecule on GF upinactivated FBS (Gibco). The explants were incubated at 37°C, in 5% CO 2 and fed weekly until GF proliferated from regulates secretion of these cytokines in vitro. For immunofluorescent staining, fibroblasts at passage 3-4 The fibroblast identity of the cell populations in culture was were grown to confluence in media containing 10% FBS. examined by indirect immunofluorescent staining for cellSubsequently, the cells were detached by trypsinization, type-specific cytoskeletal proteins (19) . All cultures stained washed in PBS and stained with saturating amounts of primary positive for vimentin, which confirmed the mesenchymal origin anti-CD40 mAb (clone EA-5; Biosource, Camarillo, CA), folof these cells. Furthermore, the cultures stained negative for lowed by a FITC-conjugated goat anti-mouse IgG (1:20). cytokeratin and smooth muscle actin, which confirmed the Using CESS cells (ATCC TIB 190) as a positive control (1), absence of epithelial cells and myofibroblasts respectively we determined that trypsinization did not affect the amounts (17) .
of CD40 detected by FACS. In order to assess the effects of Cytofluorographic analysis IFN-γ or serum starvation on the levels of CD40 expression, after microscopic confluence was attained, the cells were Single-color FACS analysis was used for determination of the frequencies of cells expressing high levels of CD40 within treated by overnight incubation with media supplemented were then stored at -80°C in TNM-FH complete medium containing 10% DMSO. For stimulation of GF, the infected Sf 9 cells were thawed quickly at 37°C and washed twice with PBS prior to addition to the established cultures. Previous studies have demonstrated that murine CD40L can functionally interact with human CD40 to stimulate human lymphocyte and endothelial cell responses in vitro (22, 23) .
Cytokine secretion assays
Determination of IL-6 and IL-8 in culture supernatants. In order to quantitate IL-6 and IL-8 secretion by mass GF cultures and sorted CD40 ϩ or CD40 -cell subsets, cells were seeded at 10 4 /well in replicate 96-well plates and were incubated for 2.5ϫ10 5 cells/ml. Optimal concentrations of stimulants were determined in preliminary titration experiments. Cells incubated with media alone or in the presence of 2.5ϫ10 5 with 1% FBS or 1000 U/ml rhIFN-γ (Biosource) (3,9), prior to wild-type baculovirus-infected Sf 9 cells/ml were used as FACS analysis. Under similar experimental conditions IFN-γ negative controls. After a 24 h incubation period, superhas been shown to up-regulate ICAM-1 (CD54) expression natants from replicate wells were pooled and analyzed for in fibroblasts (9). Therefore, staining with an anti-CD54 primary IL-6 and IL-8 content by triplicate ELISA as previously mAb (Biosource) served as a positive control for IFN-γ activity.
described (24) . A minimum of 20,000 cells were analyzed for each culture.
Determination of the frequencies of IL-6-and IL-8-secreting Data were based on viable cells only, as determined by
cells in each culture. The frequency of cytokine-secreting forward and right angle light scatter. Cells with high levels of cells within GF cultures was estimated by a modified immunop-CD40 expression are referred to as CD40 ϩ and were defined rinting assay. A detailed account of the methodology, accuas those with fluorescence intensities higher than the point at racy, sensitivity and specificity of this technique is given which the fluorescence histogram of stained cells could be elsewhere (24) . Briefly, GF at passages 5-7 were seeded in distinguished from that of the cells stained with an isotypetriplicate round dishes (100 mm diameter; Corning, Cammatched control antibody (20) . The percentage of these bridge, MA) at 10 4 -10 5 cells/dish and allowed to adhere cells in each culture was determined after subtracting the overnight. Subsequently, the culture medium was aspirated percentage of cells with background staining of isotype and a nitrocellulose disc (NCD; Schleicher & Schuell, Keene, control antibody. Sorting on the basis of CD40 expression NH), 82 mm in diameter, which had been preadsorbed with levels (above or below isotype control staining) was also an anti-IL-6 or anti-IL-8 capture mAb (15 µg/ml; Biosource), performed on selected GF cultures. Sorted cells were then was carefully superimposed on each culture monolayer. Fresh seeded at 10 5 /well in 24-well plates and incubated until the medium supplemented with 1% FBS and rhIL-1α (10 U/ml; wells reached confluence (4-5 days). At that time CD40 R&D) to enhance cytokine secretion levels was immediately staining and FACS analysis were repeated in order to test added over the NCD, and the cells were further incubated the stability of this phenotype in vitro. Sorted cells were for 24 h to allow for sufficient cytokine secretion. Subsequently, subsequently used in cytokine secretion assays as the NCD were removed, washed in PBS containing 0.05% described below.
Tween 20 (Sigma) and incubated in the presence of rabbit
Stimulation of GF with membrane-bound recombinant CD40L
anti-human IL-6 or IL-8 polyclonal antibody (5 or 10 µg/ml respectively; Endogen, Woburn, MA), followed by alkaline CD40L was expressed on the surface of Sf 9 insect cells phosphatase-conjugated goat anti-rabbit IgG (1:2000, Sigma) infected with a recombinant baculovirus containing the murine and BCIP/NBT (Sigma) as a chromogenic substrate. This CD40L cDNA. The cloning of mouse CD40L cDNA by RTprocedure allows the formation of purple-blue round precipit-PCR, the construction of the recombinant CD40L-baculovirus ates over the areas where individual cells had secreted IL-6 and analysis of the functional expression of the recombinant or IL-8. Positive immunoprinting reactions were enumerated CD40L on Sf 9 cells have been described in detail elsewhere under low magnification (ϫ40) on a stereo microscope. (21) . In the present study, Sf 9 cells were infected with plaquepurified wild-type baculovirus or CD40L-baculovirus at a
Statistical analyses multiplicity of 10 p.f.u./cell and harvested on day 4 or day 6 respectively. Each batch of infected Sf 9 cells was tested for Linear regression analysis was applied, and Spearman rank correlation coefficients were calculated to describe linear functional expression of CD40L by assaying for the ability to stimulate B lymphocyte proliferation in the presence or relationships and define strong correlations between the variables under investigation. Differences in cytokine secreabsence of IL-4 as previously described (21) . Infected cells tion above basal levels were analyzed using the Mann-(3,25). Neither of these conditions could further up-regulate CD40 expression by confluent GF cultures (data not shown). Whitney rank sum test.
Under these experimental conditions IFN-γ up-regulated CD54 expression by GF (not shown), demonstrating that our preResults paration was biologically active. Based on these findings we conclude that under the experimental conditions of microExpression of CD40 by GF cultures scopic confluence used in this study, the maximum CD40 GF cultures from different human donors were characterized levels were recorded for each culture. The flow cytometric by variable constitutive CD40 expression with levels ranging staining pattern of confluent cultures also suggested that they from low (Fig. 1a) to relatively high (Fig. 1b) . Since CD40 are composed of cells characterized by different levels of expression on fibroblasts increases in the G 0 /G 1 phase of the CD40 expression at quiescence. cell cycle (3) we wanted to ascertain whether the maximum levels of CD40 expression were recorded on each GF culture Association of CD40 expression with IL-6 and IL-8 secretion under the conditions used for FACS analysis. Therefore, we All GF cultures secreted considerable amounts of IL-6 and tested confluent GF cultures with or without subsequent IL-8 in culture supernatants in response to IL-1α (Figs 2 and exposure to serum starvation (1% FBS) or IFN-γ (1000 U/ml), two conditions known to synchronize fibroblasts in quiescence 3). However, a differential capacity (up to 5-fold) for cytokine
Effect of CD40 ligation on IL-6 and IL-8 secretion.
In order to demonstrate a direct functional relationship between cytokine secretion and CD40 expression, we examined the effects of CD40 ligation on IL-6 and IL-8 secretion by (i) GF cultures from different donors, expressing variable levels of CD40, and (ii) cell subpopulations sorted by FACS from GF cultures on the basis of their CD40 expression levels. Overall, interaction of mass GF cultures with CD40L-bearing Sf 9 cells, but not control CD40L -cells, up-regulated IL-6 (P Ͻ 0.01) and IL-8 (P Ͻ 0.05) secretion by 206 and 75%, respectively (Figs 5 and 6). Certain GF cultures (JB, MR and AR) appeared to be relatively insensitive, presumably due to their lower content in cells expressing high levels of CD40. This is supported by the fact that the levels of IL-6 and IL-8 secretion triggered by CD40 ligation were strongly correlated with the numbers of cells expressing high levels of CD40 in each culture (r ϭ 0.88, P Ͻ 0.0001 and r ϭ 0.86, P Ͻ 0.0001 for IL-6 and IL-8 respectively) (Figs 7 and 8). In order to further support this hypothesis cell subpopulations were sorted, based on CD40 expression levels, from two GF cultures, and tested for IL-6 and IL-8 secretion after CD40 ligation. Representative data from one GF culture are presented in Figs 9-11. FACS resulted in two types of cell subsets: one subset with CD40-associated fluorescence approximating isotype control levels ( Fig. 9b) and one with unsorted cells in the parental culture secreted intermediate levels of IL-6 and IL-8 in response to CD40 ligation due to their lower content in CD40 ϩ cells as compared to the CD40 ϩ sorted cell subset. Although low levels of IL-6 and IL-8 were stimulated upon interaction of the CD40 -cell subsets with secretion was noted among the different cultures tested. The the CD40L-bearing Sf 9 cells, these were reproducibly signiobserved differences in IL-6 and IL-8 production could be ficantly lower (P Ͻ 0.05) than either the unsorted or the CD40 ϩ due to differences in the proportion of fibroblast subpopulasorted cell secretion levels. Low level stimulation of IL-6 and tions which can respond to IL-1α by synthesizing these IL-8 in the CD40 -cell subsets may be due to expansion of a cytokines (16, 24, 26, 27) . To test this hypothesis the frequency small number of 'contaminating' CD40 ϩ cells in culture, prior of IL-6-and IL-8-secreting cells within each culture was to challenge with the CD40L. Overall, these data demonstrate estimated by immunoprinting. As shown in Figs 2 and 3 the that IL-6 and IL-8 secretion can be up-regulated in GF frequency of cytokine-secreting cells within each culture was by signaling through the CD40 receptor and support the closely related to the amount of these cytokines detected in hypothesis that cells expressing CD40 in GF cultures are culture supernatants (r ϭ 0.80, P Ͻ 0.0001 and r ϭ 0.66, responsible for the observed cytokine secretion. P Ͻ 0.005 for IL-6 and IL-8 respectively). In addition, a positive relationship was shown to exist between the frequency of cells expressing high levels of CD40 within each culture Discussion and the amount of cytokines secreted (Figs 2 and 3) (r ϭ 0.72, P Ͻ 0.001 and r ϭ 0.48, P Ͻ 0.05 for IL-6 and IL-8 CD40, a member of the tumor necrosis factor-α receptor family, has thus far been defined as an important regulator of respectively). Thus, the greater the number of cytokinesecreting or CD40 ϩ cells residing in GF cultures, the higher is B cell functions (5,6,21). This study has demonstrated that in addition to these functions, CD40 may also be involved in their overall capacity to secrete these cytokines. Furthermore, strong linear relationships were shown between the frequenmediating certain inflammatory responses of GF by regulating IL-6 and IL-8 secretion. More specifically, we have shown cies of cytokine-secreting and CD40 ϩ cells within each culture (Fig. 4) . Taken together, these findings suggest that GF that ligation of CD40 on GF up-regulates IL-6 and IL-8 secretion by these cells. Furthermore, our data suggest that cultures with higher capacities to secrete IL-6 and IL-8 are composed of a greater number of cytokine-secreting cells that GF cultures are composed of cells which heterogeneously express the IL-6 and IL-8 secretory phenotype. GF cultures may also be characterized by high CD40 expression levels. with higher capacities to secrete IL-6 and IL-8 are composed tion possibly through nuclear translocation of NF-κB (28), a transcription factor also involved in IL-8 synthesis (29) . of a greater number of cytokine-secreting cells which, as our data suggest, are also characterized by increased CD40 Therefore, it is tempting to speculate that both IL-6-and IL-8-secreting cells exhibited similar cell frequency levels to expression. Sorting of stable GF cell subsets on the basis of CD40 expression and showing a direct association with cells expressing high levels of CD40, due to a CD40-mediated positive co-regulation of IL-6 and IL-8 secretion at the trancytokine secretion has lent further credence to this hypothesis.
This study has demonstrated that the CD40 interaction with scriptional level. However this, as well as the fact that the same cells secrete IL-6 and IL-8 simultaneously, remains to its ligand up-regulates both IL-6 and IL-8 secretion by GF. Although fibroblast IL-6 secretion in response to CD40 ligation be shown. Our data also indicate that IL-1α stimulates high IL-6 and has been previously reported (9), to our knowledge, this is the first report linking CD40-mediated signaling to IL-8 secretion in IL-8 secretion levels which correlate well with the number of cytokine-secreting cells or the number of cells constitutively fibroblasts. This finding was not surprising since the CD40-CD40L interaction in human fibroblasts leads to IL-6 producexpressing high levels of CD40 within each GF culture. It has been suggested that CD40 may play a role in receiving and (37), as well as on cultured fibroblasts from patients with inflammatory arthritides (9) and periodontitis (Dongariregulating cytokine-dependent signals (30). Although direct evidence linking IL-1α-dependent signaling with the CD40 Bagtzoglou and Ebersole, submitted). Our study suggests that signals delivered to fibroblasts through CD40 may play a receptor is currently lacking, our in vitro data support the possibility that this cytokine uses the CD40 signaling pathway role in augmenting the inflammatory processes in periodontitis and possibly arthritis by up-regulating the IL-6 and IL-8 to transduce IL-6-and IL-8-activating signals in GF. Since IL-1α does not have an effect on fibroblast CD40 expression secretion from these cells. Both of these cytokines are expressed at high levels by cells with fibroblast morphology levels (9), existing constitutive levels of CD40 would be anticipated to correlate well with the levels of IL-1α-induced in periodontitis lesions (38; Dongari-Bagtzoglou and Ebersole, submitted). In addition, high levels of IL-6 and IL-8 are present IL-6 and IL-8 secretion, as shown in this study.
The ligand for CD40 was originally cloned and described in inflammatory synovial fluids (39) , whereas fibroblasts appear to be the dominant cell type expressing IL-6 in the in the murine system (4). The murine CD40L has significant amino acid homology to its human counterpart (31) and, in inflamed synovium (10) . Fibroblast-derived IL-6 and IL-8 may be directly or indirectly involved in several aspects of addition to its effects on human GF as shown in this study, is biologically active on a variety of other human cells including pathology associated with these diseases such as bone and cartilage resorption (40, 41) , granuloma formation (42,43) and B cells (22) and endothelial cells (23) . Thus far, the human CD40L has primarily been detected on activated T cells (31) .
fibrosis (42) . It is known that blocking CD40-mediated cellular interactions in vivo prevents the development of a murine T cells can directly or indirectly regulate fibroblast activation and protein synthesis in chronic inflammation (32). Electron model of human rheumatoid arthritis (44) . Therefore, the demonstration of a functional association of CD40 expression microscopic studies have demonstrated direct T cellfibroblast contacts in the rheumatoid synovium (33) , as well with IL-6 and IL-8 secretion by GF may provide a rationale for down-modulating CD40-mediated signaling as therapy or as in the chronically inflamed periodontium (11) . It is possible that the CD40-CD40L signaling system is responsible for the prevention of periodontitis. T cell modulation of fibroblast functions in these chronic inflammatory conditions. The role and expression of the Acknowledgements CD40L in the gingival connective tissue microenvironment is
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